Abstract. In order to identify representative genetic alterations in esophageal squamous cell carcinomas (ESCC) and useful markers for future early detection, 34 ESCC samples with neighboring normal epithelia and 30 esophageal biopsy samples from Linzhou, P.R. China, were studied. Of the 38 microsatellite markers selected, half were linked with tumor suppressors. More than 40% of the tumor samples showed loss of heterozygosity (LOH) in at least one of the eight markers, D3S1067 and D3S1561 (both linked to hMLH1 locus), FABP2, D4S1613, D9S171 (p14 ARF , p15 INK4b , p16 INK4a loci), Rb1 (intron), p53-2 (intron), and NM23-H1. Most of the 38 microsatellite markers did not display microsatellite instability (MSI) in more than 30% of the tumor samples, except D9S942
Introduction
Esophageal cancer is the sixth most common cancer worldwide (1) . Due to difficulties in early diagnosis and poor efficacy of treatment of ESCC, the 5-year survival rate is below 13%. Epidemiological studies have identified tobacco, alcohol, micronutrient deficiencies, nitrosamines, mycotoxins, physical injury, and chronic inflammation as major risk factors in ESCC (2, 3) .
Genetic alterations are important molecular changes in the progression of ESCC. Our laboratory has been studying genetic alterations in ESCC samples from Linzhou (formally Linxian), a well-recognized high ESCC incidence region in the Henan Province, in Northern China (4) . In previous studies, frequent alterations in the p53 and Rb tumor suppressor path-INTERNATIONAL JOURNAL OF ONCOLOGY 30: 1059 ONCOLOGY 30: -1067 ONCOLOGY 30: , 2007 Characterization of genetic alteration patterns in human esophageal squamous cell carcinoma using selected microsatellite markers spanning multiple loci ways have been identified in these ESCC samples (5) (6) (7) . Our data showed that mutation of the p53 gene and accumulation of p53 protein were early events observable in epithelia with basal cell hyperplasia and dysplasia (4, 5) . Samples were frequently found with loss of heterozygosity (LOH) of the Rb gene and contained reduced level of Rb protein expression (6) . We also analyzed genetic alterations for three co-located CDK inhibitors, the p14 ARF , p15 INK4b , and p16 INK4a genes, which are known to play important roles in the p53 and Rb tumor suppression pathways. We detected aberrant hypermethylation of p16
INK4a promoter region and decrease or loss of p16 INK4 gene expression. The p14 ARF and p15 INK4b genes were also inactivated by homozygous deletion and hypermethylation (8) . Based on these results, we suggested that the aberration of both the Rb and p53 tumor suppressor pathways are needed in esophageal carcinogenesis (7) . We also observed the hypermethylation and inactivation of HLA class I gene, hMLH1, retinoic acid receptor beta (RARß), O 6 -methylguanine-DNA methyltransferase (MGMT) , and other genes in resected and biopsy esophageal samples with different lesions. MGMT, RARß, hMLH1, and p16 INK4a hypermethylation are likely to occur at the early stage of ESCC carcinogenesis (5) (6) (7) (9) (10) (11) (12) (13) . Using laser-microdissected DNA samples, others have detected genetic alterations within various chromosomal loci (14, 15) . LOH were detected on chromosomes 3p, 4p, 9q and 13q, which may be involved in early carcinogenesis of ESCC. In addition, LOH within chromosomes 8p, 9p, 11p, and 17p were also observed. These chromosomal changes may be associated with late stage of the disease. SNP genotyping for linkage analysis has also been used to identify new genes that might be involved in the development of ESCC (14) (15) (16) . In order to identify molecular markers for early cancer detection, we analyzed the alteration of microsatellite markers for selected tumor suppressor genes.
Genetic alterations such as microsatellite instability (MSI) and LOH are likely to occur at the early stage of tumorigenesis in head and neck squamous cell carcinoma (17) . Although the frequency of MSI or LOH for an individual microsatellite marker may be low at the early stage, the combination of a group of markers may serve as a highly informative biomarker for the early diagnosis of cancer. From our previous studies (7, 8) , the genetic progression model for head and neck squamous cell carcinoma (17) , and other information from the literature (17-23), we selected 38 microsatellite markers on chromosomal arms 2p, 3p, 4q, 5q, 6p, 8p, 8q, 9q, 11p, 11q, 13q, 14q, 17p, 17q, 18q, and 19q to detect genetic alterations. Half of these markers are linked with tumor suppressors that might have an important role in ESCC development. Based on the LOH/MSI results from ESCC samples, we further analyzed genetic alterations in biopsy samples containing precancerous lesions with the goal of developing biomarkers for the early detection of ESCC.
Materials and methods
Esophageal tissue specimens and DNA extraction. Resected human ESCC samples together with neighboring normal esophageal epithelia were obtained within 1 h after surgery from 34 patients in Linzhou (formerly Linxian) of Henan, P.R. China. The tissues were frozen in liquid nitrogen and stored at -80˚C until use. Part of the tumor tissue and adjacent normal epithelia tissue was cryosected at -20˚C into 14-μm sections for haematoxylin and eosin (H&E) staining or 20-μm sections for DNA preparation, and kept at -80˚C until use. The tumors and normal epithelia in the frozen sections were determined histopathologically with H&E stained slides in the same region. The normal cell contamination in tumor cells in the samples used was estimated to be less than 30%. Biopsy samples were collected from the same population with matching blood samples from the same individual. Thirty biopsy samples containing BCH or DYS lesions as diagnosed histopathologically were cryosected at -20˚C into 20-μm sections. The QiaAmp Tissue Kit (Qiagen, Cat. No. 29304) was used to extract and purify DNA from tissue and biopsy samples, and Qiagen Blood Kit was used for matched blood samples.
Primers and polymerase chain reaction (PCR).
The forward primer of each pair was labeled at the 5'-end with fluorescent dyes HEX, 6-FAM, or TET (PE Biosystems, Foster City, CA). The primers were synthesized, labeled, and purified by Integrated DNA Technologies, Inc. (Coralville, IA). The target DNA sequences from paired tumor and normal tissues were amplified side by side in a 20-μl PCR reaction containing 1X GeneAmp PCR Buffer II, 20 pmoles of each primer, 1 U AmpliTaq Gold DNA Polymerase, 1.5 mM MgCl 2 , 50 μM each of dATP, dCTP, dGTP, dTTP, and DNA. All of the amplifications were carried out in the GeneAmp PCR System 9700. The annealing temperature and the cycle number were optimized for each pair of primers. The PCR system and reagents used were from PE Applied Biosystems.
Polyacrylamide gel electrophoresis. PCR products were analyzed on 5% polyacrylamide denaturing gels in a Model 377 automated fluorescent DNA sequencer, which is a four-color detection system. Thirty-four individual PCR products of a sample were pooled into 5 groups based on different sizes or colors. The intensity ratio of the dyes 6-FAM:TET:HEX was 1:1:2. The PCR product mix (1.5-2.0 μl) was combined with 2.4 μl deionized formamide, 0.8 μl TRAMA-500 labeled fluorescent size standard marker (PE Biosystems), and 0.8 μl of loading buffer. Following denaturation for 5 min at 95˚C, 0.7 μl was loaded into each well on the pre-warmed 5% polyacrylamide 6 M urea gel. The tumor and normal samples from the same subject were loaded side by side. The gel was run for 2 h at 3000 V and 51˚C. While the samples were undergoing electrophoresis, the fluorescence detected in the laser scanning region was collected, stored by the GeneScan Software, and analyzed by GenoTyper Software. Two independent PCR analyses with the fluorescence DNA sequencer were performed. The DNA sequencer, reagents, and software were from PE Applied Biosystems.
Calculation of allele ratios and LOH assessment. The peaks produced by the normal DNA samples were used to determine whether the samples were non-informative (one peak or one peak stutter) or informative (two peaks or two peak stutters). The highest peak of the stutter was used to represent the peak size and height of the allele. The peak ratio of alleles was calculated for each normal/tumor pair of each marker as N1*T2/(N2*T1). A ratio of ≤0.5 or ≥2 was regarded as an indicator of LOH; a ratio between 0.67 and 1.5 was regarded as no change or normal status. A ratio in the range of 0.5-0.67 or 1.5-2 was classified as 'decreased allelic ratio', indicating that LOH could not be determined.
MSI assessment. MSI was determined by the shift of 2 bp or more of the peaks or new peaks in the tumor sample compared to the corresponding normal sample. For single nucleotide repeat, one base pair shift was considered MSI (24) .
Results

LOH and MSI frequencies of the markers.
Fifty-eight microsatellite markers were used in our preliminary study, 38 of which were selected based on heterozygosity, cytogenetic distribution, and amplification efficiency. A total of 34 pairs of normal and ESCC samples were analyzed initially for LOH with the markers. An example is shown in Fig. 1 . Eight markers were separated in one lane of the gel and identified by size and color. The results of all 8 markers of this sample, shown in Fig. 1 , are summarized in Table I . A distribution analysis was performed to help define criteria to determine LOH. The allelic ratio of 2, which is widely used (24) (25) (26) , was chosen as the cut-off point. Because of the possible contamination by non-tumor cells or presence of subpopulations of heterozygous malignant cells from different clones within the same tumor, we consider the range of 1.5-2.0 (or 0.5-0.67) as 'decreased allelic ratio', and it was excluded from the determination of LOH. We also considered all the cases showing MSI as non-informative in the LOH study (24) . According to these criteria, LOH in 2 markers and MSI in 1 marker were observed among the eight markers for this sample (Table I) .
The LOH and MSI frequencies of the microsatellite markers in 34 pairs of samples are summarized in Table II . LOH occurred at high frequencies with an average of 30.8% in the informative cases. More than 40% of the samples showed LOH in at least one of the eight markers, D3S1067 and D3S1561 (linked to hMLH1), FABP2, D4S1613, D9S171 (p14 ARF , p15 INK4b , p16 INK4a loci), RB1 (intron), p53 (intron), and NM23-H. Marker D8S257, however, showed no LOH in any samples, although its heterozygosity was higher than 0.5. Like LOH, the MSI of the 38 markers also showed great variation (Table II) . Bat26 and D9S942 displayed high frequencies of MSI, at 41 and 32%, respectively; 19 markers had MSI in less than 10% of the samples, including two markers without any detectable instability.
LOH and MSI frequencies in the ESCC samples.
Twenty of the 34 ESCC samples exhibited LOH in at least 25% of the informative markers (Table III) : 6 samples were diagnosed as poorly differentiated ESCC; 3 were moderately differentiated; 11 were well differentiated.
An average of 4.4 out of the 38 markers displayed MSI in each ESCC sample. Three samples displayed MSI at more than 30% of the 38 markers, among which two were well differentiated and one was poorly differentiated. Based on the criteria proposed by the National Workshop on Colorectal Cancer (27) , all three were MSI-H. Five samples showed MSI in 18-30% of the markers, all of which were well differentiated ESCC. No MSI was observed in 6 samples, of which 3 had LOH higher than 30%.
hMLH1 and hMSH2. Three microsatellite markers (D3S1611, D3S1067, and D3S1561) were linked to the hMLH1 gene. D3S1611, located within the intron sequence of the gene, displayed MSI in 7 out of 34 (20.6%) tumor samples and LOH in 7 out of 18 (38.9%) informative cases. D3S1561, closely linked to hMLH1, showed MSI in only 3 tumor samples (8.8%). However, this marker contained LOH in 9 out of 20 (45%) informative cases. There were 7 tumor samples (20.6%) Figure 1 . Diagram of MSI and LOH analyses from the fluorescence DNA sequencer. The red peaks are size standards. The green peaks are TET-labeled products representing D3S1067, D8S273, D9S736, and D13S170 in size order (from small to large). The blue peaks are FAM-labeled representing D8S257 and D14S81 in size order. The black peaks are HEX-labeled representing D3S1038 and IMG412 in size order. Information on the peak sizes and heights are summarized in Table I . A, Diagram of normal epithelia from subject #27. B, Diagram of the tumor sample from the same subject.
with MSI and 12 out of 22 (54.5%) informative cases exhibited LOH on D31067, which is also in this locus. Two tumor samples (nos. 25 and 28) showed MSI in all three markers. These 2 samples also displayed a high incidence of MSI (24 and 58%) among the 38 markers used in this study. One tumor sample (no. 6) had MSI in D3S1067 and D3S1561, but not in D3S1611. This sample also displayed a high ratio of MSI (42%) among the 38 markers. Among the 31 samples, in which at least one of the three markers was informative, 6 cases did not display either LOH or MSI among the three markers, and none of these cases had LOH at frequency over 20% or MSI frequency over 10% for the 38 markers.
Microsatellite marker, Bat26, which is on locus 2p16, was used to assess chromosomal stability within the hMSH2 gene. MSI was observed in 14 of the 34 samples (42%). However, no LOH was observed with Bat26.
Correlation between the status of the microsatellite markers linked to hMLH1/hMSH2 and those of the remaining 34 markers. For the 34 markers not linked to the hMLH1 or hMSH2, we also evaluated the overall LOH rate in these samples. The background LOH rate is generally less than 22% (28) (29) (30) . In our analysis, samples with an overall LOH rate above 25% were considered LOH positive. Using this criterion, we identified 16 out of 34 ESCC samples to be LOH positive. To study the relationship between the general LOH level of a sample and the status of DNA mismatch repair gene hMLH1, D3S1611 was regarded as the primary indicator, since it is located within the intron of the gene. When D3S1611 was non-informative, D3S1561 was used instead; and if both D3S1611 and D3S1561 were noninformative, D3S1067 was used. Our data showed that the LOH status of the hMLH1 locus was significantly correlated with the LOH level of the sample as indicated by the 34 markers (the Fisher's exact P-value was 0.0005, Table IV ).
As shown in Table I . Results of allelic analyses of sample no. 27 shown in Fig. 1 . 
----------------------------------------------------------------------------------------------------
a Allelic ratio = N1*T2/(N2*T1). LOH, allelic ratio ≥2 or ≤0.5; Decreased allelic ratio, 1.5 < allelic ratio < 2 or 0.5 < allelic ratio < 0.67; Normal, 0.67 ≤ allelic ratio ≤ 1.5. NI, non-informative; N/A, not available. Table II . LOH/MSI frequencies of the microsatellite markers. 
-----------------------------------------------------------------------------------------------------
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a Sample number is 34 unless otherwise indicated.
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were used for LOH study. Nine markers with high LOH ratio in ESCC samples were selected from 38 markers described above. The LOH results were summarized in Table VI . Informative cases ranged from 9 (33%) to 23 (77%) out of 30 cases. LOH was detected in 4 markers in 7 biopsy samples (Table VI) . Two biopsy samples showed two LOH and 5 biopsy samples showed one LOH each. The LOH rates with two markers D9S942 and D9S171, both within locus 9p21, were 11 and 33%, respectively. We also observed LOH using p53-1 (13.6%) and RB1 (9.1%) microsatellite markers.
Discussion
In this study, we analyzed chromosomal and microsatellite instability in both ESCC and biospy samples on the background that aberrations in the p53 and Rb tumor suppressor Sample  Differentiation  LOH %  D  MSI %  D3S1067  D3S1561  D3S1611  Bat26  status 
----------------------------------------------------------------------------------------------------
of SCC -----------------------------------------------------------------------------------------------------
N, normal case; NI, non-informative case; LOH, case with loss of heterzygosity; MSI, case showed microsatellite instability; D, case showed 'decreased allelic ratio'. a Sample number is 33 instead of 34.
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pathways, including epigenetic alterations in CDK inhibitors p14 ARF , p15 INK4b , and p16 INK4a genes, are involved in the development of ESCC. We selected markers of different loci to monitor the overall chromosomal and microsatellite instability in these ESCC samples. We found that 38 out of our 58 selected microsatellite markers are suitable to monitor both chromosomal and genetic instability in these ESCC samples. These 38 microsatellite markers are on chromosomal arms 2p, 3p, 4q, 5q, 6p, 8p, 8q, 9q, 11p, 11q, 13q, 14q, 17p, 17q,  18q , and 19q. Since we considered all the cases with MSI as non-informative in the LOH study, the heterozygosity determined was generally lower than reported in the GeneBank (National Center for Biotechnology Information). It was suggested that LOH with less than 22% incidence for a marker may be regarded as a background or non-specific event (28) (29) (30) . We use 25% incidence as a cut-off point for LOH, and 20 of the 34 ESCC samples were LOH positive with LOH in over 25% of the markers. On average, 30.2% of informative markers displayed LOH in each sample. Therefore, our results showed that LOH is a frequent event in ESCC.
MSI is reported as a frequent event in esophageal adenocarcinoma, but not in ESCC (31, 32) . In this study, three ESCC samples showed MSI in more than 30% of the 38 markers, one of which showed MSI in 58% of the markers. The results suggest that MSI could be an important event in the development of a subset of ESCC. A large variation (from 0 to 67%) of MSI frequency was observed among the 38 markers. This result suggests MSI is not accumulated uniformly through the genome, and certain loci are more susceptible to genetic alterations.
One of the most frequent LOH loci observed was D9S171 (9p21), where p15
INK4b and p16 INK4a reside. With D9S171, LOH was previously reported to be 82% (14/17) in ESCC (32) . In this study, using the same microsatellite marker D9S171, LOH was observed in 6 of the 10 informative cases. Interestingly, within the same 9p21 loci, marker D9S942 only showed LOH in 23% of the 22 informative cases. However, 32% of the 34 samples displayed MSI. This results suggest that loci 9p21 is susceptible to both chromosomal and microsatellite instability. In our previous study (9), we found frequent genetic alteration events within loci 9p21. LOH at D9S171 was found to be associated with frequent homozygous deletion at p15
INK4b but not with that at p16 INK4a . Furthermore, the incidence of D9S942 LOH was higher in samples without p15
INK4b deletion. In ESCC, both our current results and previous data may indicate that 9p21 is more susceptible to genetic alterations than other loci.
With the microsatellite marker located in Rb intron 20, LOH was found to be 56% (9/16), which is in close agreement with the two previous reports on the LOH of intron 17 in the ESCC (7, 30) . Furthermore, in our previous study, LOH at the Rb locus was 55%, where the sample was considered to be LOH positive if LOH was detected at any one of 4 markers (7) . No MSI was detected in any of the samples, agreeing with the inverse relationship between LOH and MSI observed in other cancers (33) . These data may suggest chromosomal Table IV . Correlation between LOH and MSI status of hMLH1 locus and LOH of the other 34 markers. ------------------------------------------------ a The LOH status of the hMLH1 locus was based on 3 markers with priority sequence of D3S1611, D3S1561, and D3S1067. Its correlation with the LOH of the other 34 markers was analyzed by Fisher's exact test, P=0.0005.
b The correlation between D3S1067 MSI status and the LOH status of the other 34 markers was analyzed by Fisher's exact test, P=0.0348. Table V . Correlation of MSI status between hMLH1 locus and the other 34 markers. Table VI . Summary of LOH status in 30 biopsy samples based on 9 selected markers. Informative  18  16  11  9  23  9  20  12  22  LOH  2  0  1  0  0  3  0  0  3  - ---------------------------------------------------------------------------------------------------- instability is a frequent event within chromosome 13, especially between 13q14.3-13q14.3. In contract, chromosomal microenvironment between 13q14.3-13q14.3 may not allow the occurrence of microsatellite instability.
LOH at or near the p53 gene locus has been shown to occur in a variety of human tumors (29, 34) . With p53-2 (located in p53 intron 1), 4 of the 8 informative cases showed LOH, which is close to the ratio previously reported for ESCC (35) . With p53-1 (located in 17p13.1), we observed LOH in 35% (7/20) of the informative cases. This is comparable to our previous study with another series of 30 samples (unpublished data). LOH at 17p13 loci was reported to be infrequent in esophageal dysplasia (2/8) and increased in ESCC (7/16) (35) . Additional studies with more samples are needed to reach a firm conclusion on the timing of this molecular alteration. No correlation between LOH in the p53 locus and p53 mutations (data not shown) was found in our study. Interestingly, significant correlation between p53 mutation and LOH in hMLH1 locus was observed. Our data might suggest loss or decreased function of the hMLH1 gene in mismatch repair could allow a high mutation rate for p53.
Statistically significant correlations were found between LOH of hMLH1 locus and the general LOH status of the samples, and between MSI in D3S1067/D3S1561 and the general MSI status in the sample. However, no correlation was found between LOH at microsatellite markers linked to the hMSH2 and MSI in hMLH1, which is different from previous reports on other cancers (36) . Mutations of the mismatch repair genes were reported to play important roles in carcinogenesis (37) (38) (39) , and microsatellite markers within both the hMLH1 and hMSH2 genes have been used as an indicator of the MSI status in cancer (27) . However, our data showed that MSI of two markers in the introns of hMLH1 and hMSH2, were not correlated with the general MSI status of the samples in this study (the Fisher's exact test, P>0.6 for both). On the other hand, two markers from the hMLH1 gene locus (D3S1067, D3S1561) sensitively reflected the MSI status. Currently, it is not clear whether and how the function of hMLH1 is affected by these two distance markers within the same locus.
In the present study, we found the MSI status of the ESCC samples was independent of their differentiation status. Our findings agree with the result of adenocarcinomas of the stomach (40) . We found that genetic alterations with other tumor suppressor genes or oncogenes such as APC on chromosome 5, WT1 on chromosome 11, DPC4 and DCC on chromosome 18 were infrequent in ESCC, even though changes in these genes are prominent in other types of cancer (18) (19) (20) (21) (22) (23) 34) .
Based on our results, we suggest that the following nine markers are useful for genetic alteration analysis in ESCC and in precancerous lesions: hMLH1 linked markers (D3S1611, and D3S1561), p53 linked markers (p53-1 and p53-2), p14 ARF , p15 INK4b , p16 INK4a linked markers (D9S171 and D9S942), RB1, FABP2, and NF1. All of these markers showed a high incidence of LOH, MSI, or both in ESCC. We performed a preliminary study on these nine microsatellite markers in 30 pairs of biopsy samples with BCH and DYS. Our data showed that among the nine microsatellite markers spanning chromosomes 3, 4, 9, 13 and 17, there was frequent occurrence of chromosomal instability in chromosomes 9 and 17 related to 9p21 and p53 gene regions, respectively. LOH was detected in 5 out of 27 informative biopsy cases within the 9p21 region, and 3 out of 22 within the p53 gene region. This chromosomal instability within 9p21 region and p53 gene regions confirm our previous finding that p53 and Rb tumor suppressor pathways are important for the development of ESCC (7) .
In concusion, both chromosomal and microsatellite instability in chromosomes 3, 4, 9, 13, and 17 occur frequently in ESCC. Chromosomal instability in chromosomes 9 and 17 are an early event observed in biopsy samples. Both the p53 and Rb tumor suppressor pathways might be important for the initiation and progression of ESCC.
